We designed and fabricated a six-channel complex-coupled distributed feedback (DFB) quantum cascade laser arrays based on a sampled Bragg grating. The six-channel DFB laser arrays exhibit a linear tuning range of 74 nm centered at a wavelength of 7.55 m at room temperature. Robust single-mode emission with a side mode suppression ratio about 20 dB was observed, even at full power. The used sampled grating and reflectivity coating on the back facet lead to the peak output power varying from 55 to 82 mW with a small difference in slope efficiency from 100 to 128 mW/A. Quantum cascade lasers (QCLs) are unipolar semiconductor lasers that are based on the sub-band transitions within the conduction bands of multi-quantum well structure.
Quantum cascade lasers (QCLs) are unipolar semiconductor lasers that are based on the sub-band transitions within the conduction bands of multi-quantum well structure. [1] QCLs, in which their wavelengths can be programmed over an unprecedented range by choosing the thickness of the materials in the active region, are fundamentally different from conventional lasers. The composition of those materials need not change at all. [2] The emission of the QCLs spans from 3-20 µm and covers the 'fingerprint' region of molecular absorption, which makes them suitable for spectroscopic applications. [3] For spectroscopic application purposes, singlemode emission and wide wavelength tunability are required. Many efforts have been carried out to achieve these two demands, such as external cavity (EC) QCL lasers, [4−6] linear arrays of distributed feedback (DFB) QCLs [7] and high performance master oscillator power amplifier (MOPA) QCL arrays. [8, 9] ECQCLs are widely tunable and have been realized by many research groups. They need high quality antireflection coatings, reliable optical components (including a grating for tuning), a well aligned lightpath, and a manual precision rotation platform, which makes the system cumbersome and difficult to build. DFB-QCL arrays are very compact and have achieved wavelength tunability by changing the grating periods, while electron beam lithography and deep dry etching involved in existing device processing make it costly and time consuming. Due to the inhomogeneous current injection along the cavity length and the birth defects uncontrollable emission performance of DFB lasers, the current threshold, output power and slope efficiency between different DFB lasers in the array have large variations, which restrict their use in a wide range of applications. [7] In order to improve the beam quality and increase output power, MOPA QCL arrays have been realized. Although the array can improve beam quality and increase output power, it needs complex technological processing and two high quality pulse generators addressing, which decreases the handle ability and reliability of the system.
Sampled grating DFB laser arrays, which feature better flexibility in the design of sampling periods, submicron precision tolerance, and fabrication through traditional holographic exposure followed by optical photolithography, have been realized at wavelengths of around 1.5 µm and are used in wide of applications. [10] In the mid-IR region, sampled grating technology integrated with DFB QCLs in realizing single-mode and wide tunable light source has aroused the interest of many groups. [11, 12] However, monolithic integration of sampled grating DFB QCL arrays aiming to fulfill single mode and wide tunability have not been reported.
We demonstrate a simple approach for fabrication of DFB QCL arrays based on sampled grating with the aiming of validating the feasibility of this scheme. The arrays of six-channel dependent wavelengths with better wavelength uniformity and controllability are obtained. In our experiment, we designed and fabricated a sampled Bragg grating (SBG) in the transmission spectrum with Fourier order of +1 st (positive first order) in complex-coupled DFB QCLs emitting around = 7.55 µm. The six DFB lasers in the array, with a spectrum covering 74 nm and a mean side mode suppression ration (SMSR) of about 20 dB operated in pulsed mode at room temperature, are obtained by changing the sampled grating periods.
The Basic principle of SBG is expressed as
where 0 is the Bragg wavelength of the based grating, +1 is the +1 st order wavelength, ∆ eff is the effective index of the waveguide, and Λ is the based Bragg grating period. Thus, the lasing wavelength in QCL arrays can be easily controlled by the manipulation of the sampling period . Here, we set the corresponding wavelengths of +1 st at the center of the gain curve of the active material, while the Bragg wavelength is set at the edge. As a result, the lasing of based DFB mode will be suppressed due to the lack of adequate gain. The peak of the gain curve of the fabricated wafer, as can be seen from Fig. 1 , is about 7.55 µm (1325 cm −1 ), with a full width at half maximum (FWHM) of approximately 590 nm based on the measurement of electroluminescence spectrum (EL) pumped with a 1 µs pulsed width and 50 kHz repetition frequency at room temperature. The based Bragg grating period and duty cycle (the ratio of grating peak to based grating period Λ) are 1.15 µm and 45%, respectively. The QCL arrays integrated six-channel DFB lasers with each of them having the same duty cycle of 50% (the ratio of grating area to sampling period), while the different sampling periods vary from 27.3 µm to 36.2 µm. The ∆ eff of the waveguide is about 3.16; thus, the deduced 0 is 7.27 µm and +1 vary from 7.58 µm to 7.50 µm. The calculated transmission spectrum of the sampled grating based on the transfer matrix simulation can be seen in Fig. 1 . The QCL wafer used to fabricate the laser array was grown on an n-doped (Si, 3 × 10 17 cm −3 ) InP substrate by solid-source molecular beam epitaxy (MBE) based on a two-phonon resonance design, similar to that in Ref. [14] . The entire wafer structure consists of a 1. Figure 2(a) shows the microscope images of SBG. In the grating grooves, the thickness of the highly doped plasmonconfining layer is reduced and the guided mode interacts more strongly with the metal contact. Therefore, the sampled grating etched on highly doped InP cladding layer and coated metal provides feedback in both index-and loss-coupled scheme. As a result, the coupling coefficient is to be complex, that is, to exhibit both a real and imaginary part. [15] (a) (b) Fig. 2. (a) The microscope of the SBG and (b) the morphology of an array that is fixed on a holder.
Laser ridges, with a mean core width of 11 µm and spaced 170 µm apart, were processed into a double channel waveguide by using optical photolithography and nonselective wet chemical etching. The bottom and sidewalls of the laser ridges were passivated with 450-nm-thick SiO 2 layers by chemical vapor deposition. Then, a 40/250-nm-thick Ti/Au contact were evaporated by electron beam lithography, followed by a 4-µm-thick electroplated gold layer. The 21-µm-wide electrical isolation trenches between adjacent DFB lasers were defined by wet etching of the Au/Ti layer. After being thinned down to about 130 µm, the backside of the wafer was deposited with Ge/Au/Ni/Au metal as the substrate contact layer. The processed wafer was then cleaved to 3-mm-long laser arrays and a high reflectivity (HR) coating consisting of Al 2 O 3 /Ti/Au/Ti/Al 2 O 3 was deposited on the back facet. The entire laser size is about 1 mm×3 mm.
The laser arrays were mounted epi-layer side up on SiC heat sink with indium solder. The different DFB lasers in the laser array were wire bonded on a custom-designed circuit board and then mounted on a holder containing a thermistor combined with a thermoelectric cooler (TEC) to monitor and adjust the heat sink temperature, which can be seen from Fig. 2(b) . The output optical power from the uncoated facet of the array was measured with a calibrated thermopile detector that was placed directly in front of the laser facet. All of the measurements were taken under pulsed mode with 1 µs pulses at a repetition rate of 10 kHz at room temperature. Fig. 4 . The emission spectra of laser-3 at the injected current of 1.2 th recorded at different temperatures. The inset shows the lasing spectra of the laser-4 at different currents with a step of 0.4 A at 298 K.
We address and fire lasers in the array in sequence for the emission of target wavelengths in order. The emission spectrum of the arrays was measured by using a Fourier transform infrared spectrometer (Nicolet 6700) with a resolution of 0.25 cm −1 . Figure 3 shows that all six lasers in the array operated in single mode at an injected current of 1.2 th (threshold current) at room temperature. The lasing frequencies of the DFB lasers in the array were spaced about 15 nm, which is about the same as those reported in Ref. [7] . The lasing frequencies of the six DFB lasers spanned from 7.502 to 7.576 µm. As can be seen clearly from Table 1, the lasing wavelengths locate accurately in the center of the +1 st order Bragg modes, which are coincident with the designed values. Single-mode emission for all lasers in the array with SMSR about 20 dB was observed, which is limited by our measurement setup. Figure 4 depicts the emission spectra of laser-3 with sampling period = 30.3 µm operated in pulsed mode at different heat sink temperatures between 303 K and 343 K. Single-mode emission with SMSR about 20 dB in all tested temperature range is observed. The peak emission tunes linearly with temperature from 7.545 µm to 7.570 µm as the temperature changes from 303 K to 343 K, which corresponds to a wavelength-tuning coefficient ∆ /∆ = 0.6 nm/K. The inset of Fig. 4 shows the lasing spectra of laser-4 operated in pulsed mode at different currents with a step of 0.4 A at 298 K. Single-mode behaviors are obtained even at full power. We have also calculated the coupling coefficient for such a complex-coupled sampled grating DFB QCL based on finite-element method. A 40-nm Ti layer was taken into consideration. According to the coupled-mode theory of DFB laser, [16] the coupling coefficient can be approximately written as
where ∆ eff is the amplitude of the periodic modulation of the real part of the effective index. The corresponding modulation of the absorption coefficient has an amplitude ∆ . In the calculation, the sampled grating coupling coefficient is simply given by the product of the coupling coefficient of the uniform grat-
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ing times the duty cycle of the superstructure. [17] The calculated values for both ∆ eff and ∆ is 1.05×10 −3 and 5.30 cm −1 ; thus, the index-coupling coefficient i and gain-coupling coefficient g can be estimated to be 4.41 cm −1 and 2.65 cm −1 in the complex-coupled waveguide, respectively. It can be seen that even a small modulation of absorption coefficient present in complex-coupled DFB QCLs can lift the degeneracy of the two gap modes. This explains why we do not observe any instability between the two gap modes or spectral sensitivity to an additional phase introduced by HR coating. Figure 5 shows the power-current ( -) curves of six-channel DFB laser arrays. The peak power varies from 55 to 82 mW. We have observed a small difference of variation in the slope efficiency of the lasers from 100 to 128 mW/A, despite the different positions of the gain spectra. It was shown in Ref. [18] that the variation in the position of the laser facet alters the distribution of light intensity within the laser cavity, which results in a variation in the amount of light emitted from a facet. Here, since we have used a sampled grating and evaporated an HR coating on the back facet of the laser array, the random effect of grating phase induced by the position of the end mirror facets relative to the laser ridge would be fully reduced. Furthermore, the present SBG might result in a better uniformity of the DFB lasers in the arrays. [19] The detailed mechanism is still under exploration.
In summary, a six-channel DFB QCL array has been designed and fabricated by using a sampled grating. The fabrication of the device is simple, and only conventional holographic exposure combined with the conventional photolithography is needed. The device shows uniform distribution of slope efficiency of around 100 mW/A at room temperature and high SMSR about 20 dB even at full power, which is similar to the discrete complex-coupled DFB QCLs. The simple and convenient fabrication process makes this device a good candidate for mass, cost-effective productions.
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